INTRODUCTION {#S1}
============

Ample clinical data have established a strong link between psychological stress and mental illnesses^[@R1],\ [@R2]^. Stress adversely affects many brain functions, as evidenced by the wide spectrum of affective and cognitive abnormalities it induces (*e.g.*, anxiety, social avoidance, anhedonia, and memory impairment)^[@R3],\ [@R4]^. It represents a predominant risk factor for many psychiatric disorders, including generalized anxiety disorder, major depressive disorder, bipolar disorder, and post-traumatic stress disorder^[@R5],\ [@R6]^. To date, the majority of research on stress focuses on its emotional and social aspects^[@R7]^; far less is known regarding its effect on basic cortical functions such as sensorimotor processing.

Previous research on stress-induced structural changes in the brain has revealed abnormalities in dendritic morphology and in dendritic spines (as a proxy of excitatory synapses^[@R8],\ [@R9]^) of excitatory neurons. For example, chronic restraint stress (RS) causes dendritic atrophy and spine loss in the hippocampus^[@R10]^, which correlates with decreased hippocampal volume in patients of stress-related disorders^[@R11]^. Stressed animals exhibit similar dendritic and spine defects in the prefrontal cortex (PFC)^[@R12],\ [@R13]^. These data suggest that synaptic dysregulation underlies the pathophysiology of stress-induced functional deficits. Nevertheless, all these studies were performed on fixed tissues. Although they provide invaluable knowledge about the endpoint of chronic stress, they could not resolve how stress-induced synaptic defects develop. Specifically, information is lacking about how synaptic dynamics are altered in the presence of stressors in live animals.

Although inhibitory neurons represent only 20--30% of neurons in the mature cortex, they are essential components of brain circuits and participate in various neural computations^[@R14],\ [@R15]^. Many neurological and psychiatric disorders (*e.g.*, autism spectrum disorders and schizophrenia) implicate an imbalance between the actions of excitatory and inhibitory neurons^[@R16]--[@R20]^. In particular, PV+ INs are the predominant interneurons in the cortex^[@R21]^. They innervate the target PNs perisomatically, therefore exerting powerful inhibition^[@R22],\ [@R23]^. However, it is unclear whether stress alters cortical PV+ INs and their associated circuits, and how such effects contribute to stress-induced synaptic remodeling and behavioral defects.

The road to recovery from stress poses important questions for both basic and clinical neuroscience. EE is beneficial to normal brain function^[@R24]^ and in many disease models, including amblyopia^[@R25]^, Alzheimer's disease^[@R26]^, epilepsy^[@R27]^, and the Fragile X Syndrome^[@R28]^. Recent studies also suggest that EE accelerates post-stress reversal and promotes resilience to stress^[@R29]--[@R31]^. However, it remains unclear how EE affects synaptic plasticity and local cortical circuits, and whether such effects differ on normal and stressed brains. Exploring the mechanisms of experience-dependent rescue for stress is important, because it may guide the development and incorporation of non-pharmacological supportive therapies for stress-related diseases.

MATERIALS AND METHODS {#S2}
=====================

Experimental animals {#S3}
--------------------

Adolescent mice, around 1 month of age, were used for most experiments unless otherwise noted. *Thy1*-YFP H^[@R32]^ (JAX \#003782) and PV-Cre^[@R33]^ (JAX \#008069) mouse lines were purchased from the Jackson Laboratory and maintained in the C57BL/6J background. Heterozygous PV-Cre mice and wild type mice were used in pharmacogenetic experiments. Mice were group-housed in the UCSC animal facility, with 12 h light-dark cycle and access to food and water *ad libitum*. All procedures were performed in accordance with protocols approved by the Animal Care and Use Committee (IACUC) of UCSC.

Stress protocols {#S4}
----------------

Both male and female mice were used in the experiments, starting at one month of age. RS was imposed by placing the mouse in a perforated 50 ml conical tube for 2 h daily, as previously described^[@R34]^. Littermates were randomly assigned to the stress or the control group. Unpredictable mild stress (UMS) was administered to each cohort of mice in a weekly-rotating schedule, as previously described^[@R35]^.

Whisker-dependent texture discrimination task {#S5}
---------------------------------------------

The whisker-dependent texture discrimination task was modified from a previously described protocol^[@R36]^. The timeline of the experiment is shown in [Supplementary Figure 2a](#SD1){ref-type="supplementary-material"}. The mouse was individually habituated in a 38 cm × 28 cm × 23 cm opaque plexiglass box with bedding ("arena") for 10 min per day for 2 d. On the third (testing) day, the mouse was first given 3 min to explore the arena (*i.e.*, exploration phase), then temporarily (\< 30 s) removed to allow the placement of two columns (3 cm × 3 cm × 9 cm) with identically textured surfaces. The mouse was then returned to the arena and given 5 min to familiarize itself with the texture of the two columns (*i.e.*, encoding phase). If the mouse showed insufficient interest in the columns (*i.e.*, \< 16 total approaches) or biased towards one column (*i.e.*, \> 60% approaching time spent on one column), it was excluded from further testing. Otherwise, the mouse was removed for another 5 min to allow the two columns to be replaced by two new columns, one with the habituated texture and the other with a novel texture. The mouse was given 3 min to explore and interact with the new columns (*i.e.*, testing phase). In each experiment, either the 220 grits or the 1500 grits sandpaper (Ace Hardware, Inc) was randomly selected as the habituated or the novel texture. Mouse behavior was recorded with an iPad Air 2; the video files were exported to Noldus Ethovision 10.11 for analysis. The software tracked the X--Y coordinates of the mouse's nose-point throughout the video at 10 frames per second and generated a composite positional map. The total amount of time the mouse spent approaching each column was measured, and the discrimination index was calculated as previously described^[@R37]^. For stressed mice, habituation started on the antepenultimate day of stress, and testing started 2 h after the final stress session. In a separate set of experiments, instead of textured columns, objects differing in non-texture features (*e.g.*, shape and color) were used to assess short-term memory^[@R38]^.

Environmental enrichment {#S6}
------------------------

EE mice were reared in groups of 4 to 8 in large cages containing various toys (*e.g.*, tunnels, bells, ropes, ladders, and running wheels) as previously described^[@R39]^. Control mice were housed in standard mouse cages, with up to 5 mice per cage but never alone.

*In vivo* transcranial imaging and quantification {#S7}
-------------------------------------------------

Transcranial two-photon imaging and spine dynamics analyses were performed as described previously^[@R40],\ [@R41]^. Dendritic segments (\> 10 μm long) with high image quality in both imaging sessions were identified and dendritic spines were tracked manually along the dendrites from 3D stacks in ImageJ. To analyze dendritic tip retraction and interspine distances, dendritic segments and spines were manually traced in Neurolucida 11.0 (MBF Biosciences); dendritic length differences and interspine distances were calculated from tracing results in Neuroexplorer 11.0 (MBF Biosciences). Spine clustering was analyzed with custom-written codes in MATLAB R2013a (MathWorks). Instances of two or more adjacent spines eliminated together were counted as clustered spine elimination. The actual clustering probability was calculated as the total number of clustered eliminations divided by the total number of spines on all dendritic segments. To generate the frequency distribution of clustering probabilities, we randomly selected on each dendritic segment exactly the same number of spines as were actually eliminated from that segment, and computed the clustered elimination probability from the simulated dataset. This scheme took into consideration the fact that under different experimental conditions, the clustering probabilities under the null hypothesis (random elimination) vary due to the differences in the rate of spine elimination. The simulation was repeated 50,000 times. Finally we compared the actual clustering probability to the corresponding frequency distribution.

Immunohistochemistry and image quantification {#S8}
---------------------------------------------

Stressed mice were perfused approximately 2.5 h after the cessation of the final stress session. Perfusion and immunohistochemistry were performed as previously described^[@R42]^. The following primary antibodies were used: rabbit-anti-cFos (ab5, Calbiochem, 1:10000), rabbit-anti-cFos (226-003, Synaptic Systems, 1:10000), mouse-anti-cFos (sc-166940, Santa Cruz Biotech, 1:200), mouse-anti-parvalbumin (MAB1572, Millipore, 1:1000), rat-anti-somatostatin (MAB354, Millipore, 1:500), rabbit-anti-neurogranin (AB5620, Millipore, 1:1000), rabbit-anti-GFP (A11122, ThermoFisher Scientific, 1:1000), rabbit-anti-mCherry (EMU106, Kerafast, 1:2000). The following secondary antibodies were used: biotinylated goat-anti-rabbit or goat-anti-mouse (Vector Laboratories, 1:200), AlexaFluor 488/594-conjugated goat-anti-mouse, goat-anti-rat, or goat-anti-rabbit (ThermoFisher, 1:500). For all c-Fos immunolabeling, biotinylated secondary antibodies were used, followed by Alexa 488- or 594-conjugated streptavidin (ThermoFisher, 1:500) to enhance the signal, as previously described^[@R43]^. All sections were counterstained with 4′-6-Diamidino-2-phenylindole (DAPI; 1:36,000), air-dried, submerged in 100% ethanol for 1 min, then coverslipped with Vectashield (Hardset, Vector Laboratories).

Confocal images were taken with a Leica TCS-SP5 microscope under 20× NA 0.75 air or 40× NA 1.25 oil-immersion objectives. Brain-wide images were obtained on a Keyence BZ-9000 microscope under a 10× NA 0.45 air objective. For cell counting and colocalization analyses, image stacks were obtained on a Zeiss Imager M2 microscope equipped with a Hamamatsu Orca-ER digital camera under a 20× NA 0.8 air objective. StereoInvestigator/Neurolucida 11.0 was used to quantify cell density and colocalization as previously described^[@R44]^.

Slice electrophysiology {#S9}
-----------------------

Brain slices (300 μm) were obtained from 1-month-old mice using standard techniques^[@R45]^. L5 PNs were visualized under infrared illumination using an Olympus BX-51 microscope equipped with DIC optics, a water-immersion objective (60× NA 1.1), and a CMOS camera (Hamamatsu Photonics). YFP+ neurons were identified under epifluorescence illumination (Lambda XL, Sutter Instrument). Whole-cell voltage-clamp recording was performed with borosilicate glass microelectrodes (3--5 MΩ) filled with a Cs^+^-based low Cl^−^ internal solution (126 mM CsCH~3~SO~3~, 8 mM NaCl, 10 mM HEPES, 2.9 mM QX-314, 8 mM Na~2~-Phosphocreatine, 0.3 mM Na~2~GTP, 4 mM MgATP, 0.1 mM CaCl~2~, 1 mM EGTA; pH 7.2--7.3; osmolarity 285--290 mOsm). The access resistance was \< 25MΩ (no compensation), and the data were discarded if the access resistance changed more than 20% during recording. For recording miniature EPSCs (mEPSCs) and miniature IPSCs (mIPSCs), TTX (1 μM) was included to prevent action potential firing. For evoked EPSC and IPSCs, TTX was omitted and stimulation (100--200 μs) was delivered using steel concentric electrodes (FHC, Bowdoin) placed 100--200 μm to the somata of L5 PNs. To measure both IPSCs and EPSCs from the same neuron, the membrane potential was first held at +4 mV (the reversal potential of ionotropic glutamate receptors, liquid junction potential not corrected) to measure IPSCs and then at −70 mV (the reversal potential of Cl^−^) to measure EPSCs. To examine the overall strength of inhibition mediated by PV+ INs, we injected AAV5-EF1a-DIO-ChR2-mCherry into the barrel cortex of PV-Cre mice on postnatal day (P) 0, and prepared coronal brain slices on P37. We performed whole-cell voltage clamp recording on PNs and delivered a brief (0.2 ms) blue light stimulation using a 450 nm laser (OptoEngine, USA). The laser was focused at the back aperture of the objective to achieve full field illumination. In order to measure the peak amplitude of optogenetically evoked IPSCs (oIPSCs) in PNs, we gradually increased the blue light intensity until the oIPSC amplitude plateaued (\< 10% increase with 2--3 folds increase in laser intensity). To assess the excitability of PV+ INs, we identified them by mCherry expression and performed whole-cell current clamp recordings with a K^+^-based internal solution (135 mM KCH~3~SO~3~, 8.1 mM KCl, 10 mM HEPES, 8 mM Na~2~-Phosphocreatine, 0.3 mM Na~2~GTP, 4 mM MgATP, 0.1 mM CaCl~2~, 1 mM EGTA; pH 7.2--7.3; osmolarity: 285--290 mOsm). To measure the firing of PV+ INs, incremental current steps (2 s duration, 30 pA step size) were injected through the recording pipette. Recordings were obtained with a Multiclamp 700B amplifier (Molecular Devices) using the WinWCP software (University of Strathclyde, UK). Signals were filtered at 2 kHz, digitized at 10 kHz (NI PCIe-6259, National Instruments), and analyzed offline using Clampfit 10.0 (Molecular Devices) and Mini Analysis Program (Synaptosoft).

Viral injection and pharmacogenetic manipulation {#S10}
------------------------------------------------

AAV8-hSyn-DIO-hM3Dq-mCherry (DREADD virus), AAV8-CaMKIIa-hM3Dq-mCherry (CaMKII DREADD virus), AAV8-CAG-FLEX-GFP (control GFP virus) and AAV5-EF1a-DIO-mCherry (control mCherry virus) were purchased from the University of North Carolina Vector Core. AAV5-EF1a-DIO-hChR2(H134R)-mCherry was purchased from the University of Pennsylvania Vector Core. For virus validation, P14 PV-Cre mice were anesthetized with intraperitoneal injection of ketamine-xylazine (100 mg ketamine/10 mg xylazine per kg body weight); 300 nl DREADD virus or control GFP virus were pressure-injected (50 nl/min) using a custom-built injection system based on a Narishige single-axis oil hydraulic micromanipulator (Narishige, Tokyo, Japan) into the barrel cortices (AP: −0.5 mm, ML: 2.5 mm). To infect a large population of neurons in the barrel cortex, neonatal (P0--1) PV-Cre mice were anesthetized by ice-induced hypothermia as previously described^[@R46]^. 200 nl of DREADD virus or control mCherry virus were injected (50 nl/min) into the barrel cortices bilaterally (AP: −0.2 mm, ML: 2.0 mm). 4 weeks of incubation were allowed before behavioral, imaging, and immunohistochemical experiments. For pharmacogenetic manipulations, CNO was dissolved in sterile saline and injected intraperitoneally at 0.3 mg/kg body weight^[@R47]^, 15 min prior to RS. For vehicle control, saline was injected at the same time point instead.

Statistical analyses {#S11}
--------------------

All behavioral, spine dynamics, immunohistochemical, and electrophysiological data were analyzed with the analyst blinded to the experimental conditions. Details of behavioral, spine and dendritic tip dynamics, and immunohistochemical data are itemized by experimental conditions, together with the number and sex of mice used for each condition, and given in [Supplementary Tables 1--4](#SD1){ref-type="supplementary-material"}. All statistical analyses were performed using Statistica 12.0 and SPSS 23.0. Data from each mouse were treated as a single data point in a group unless otherwise noted. We performed the Shapiro-Wilk test for sample normality, and examined the homogeneity of variance. If assumptions were met for parametric tests, Student's *t*-test were used for two groups, and Analysis of Variance (ANOVA) followed by *post hoc* Tukey HSD test was used for three or more groups. Otherwise, the Mann-Whitney U-test was used for non-matched two-sample comparison, and the Kruskal-Wallis test followed by Conover test with Holm Family-Wide Error Rate (FWER) *p*-value adjustment was used for three or more groups. Analysis of Covariance (ANCOVA) was used to test the linear relationship between the evoked EPSCs and IPSCs.

Code availability {#S12}
-----------------

Custom-written MATLAB codes are available upon request.

RESULTS {#S13}
=======

Stress impairs the whisker-dependent texture discrimination ability of mice {#S14}
---------------------------------------------------------------------------

Mice depend on their whiskers, highly specialized peripheral tactile detectors, to explore the environment. The sensory input from whiskers is transmitted to the barrel cortex for further processing^[@R48],\ [@R49]^. To determine how stress affects whisker-dependent sensory functions, we subjected mice to RS for 2 h daily from 2 to 14 days, and then assessed their performance in a whisker-dependent texture discrimination task ([Figure 1a,b](#F1){ref-type="fig"}). Control mice spent significantly more time approaching the column with the novel texture than that with the habituated texture ([Figure 1c,d](#F1){ref-type="fig"}). This required intact whiskers and the barrel cortex, as mice with bilateral whisker trimming or barrel cortex lesion exhibited no preference for the novel texture ([Supplementary Figure 1](#SD1){ref-type="supplementary-material"}). We also found that RS progressively deteriorated the texture discrimination performance: 2-day RS led to detectable impairment, and 7- or 14-day RS completely abolished the ability to distinguish the two textures. Similar behavioral defects were also observed in mice experiencing 14 days of UMS ([Figure 1e](#F1){ref-type="fig"}), and no sex difference was found in this behavior (*p*\>0.2 for both control and 7-day RS). Furthermore, such defects were not due to reduced whisker length, increased anxiety, altered exploratory behavior, or short-term memory loss ([Supplementary Information](#SD1){ref-type="supplementary-material"}, [Supplementary Figures 2, 3](#SD1){ref-type="supplementary-material"}).

Stress induces progressive spine loss in the mouse barrel cortex {#S15}
----------------------------------------------------------------

As the integrity of the barrel cortex is necessary for the texture discrimination task ([Supplementary Figure 1b,c](#SD1){ref-type="supplementary-material"}), we asked how RS affects neuronal circuits therein. To visualize neurons *in vivo*, we used the *thy1*-YFP H line mice, in which a small subset of cortical L5 PNs express cytoplasmic yellow fluorescent protein (YFP)^[@R32]^. We imaged the same set of apical dendrites of L5 PNs in the barrel cortices of RS mice over different time intervals using transcranial two-photon microscopy^[@R40],\ [@R41]^. Control mice exhibited 7.8% spine formation and 13.2% spine elimination over the 7-day period. Spine elimination in RS mice was almost twice as much as in control mice (*p*\<0.001). In contrast, spine formation was unperturbed by RS (*p\>*0.8, [Figure 1f,g](#F1){ref-type="fig"}). The onset of elevated spine elimination was rapid (observable with 2-day RS), and continued RS further aggravated spine loss, *i.e.*, more spines were eliminated during the 8th and 9th day of RS than during the initial two days ([Figure 1h](#F1){ref-type="fig"}, *p*\<0.001). Furthermore, elevated spine elimination persisted even after the cessation of RS. After 7 days of stress, mice continued to exhibit significantly higher spine elimination over the 2-day recovery period than controls ([Figure 1h](#F1){ref-type="fig"}, *p*\<0.001). Spine loss was also observed after prolonged stress (14-day RS or UMS, *p*\<0.001 for both compared to control, [Figure 1i](#F1){ref-type="fig"}). Finally, stress-induced increase in spine elimination is not limited to the barrel cortex, as similar changes were observed in the visual cortex of stressed mice ([Supplementary Figure 4](#SD1){ref-type="supplementary-material"}).

As the spatial configuration of spines impacts postsynaptic signal integration^[@R50],\ [@R51]^, we analyzed the distribution of spines along linearized dendritic segments. We measured the relative locations of 1336 spines (199 eliminated) along 64 dendritic segments from 5 control mice, and 1363 spines (411 eliminated) along 59 dendritic segments from 7 mice after 7-day RS. Based on these measurements, we quantified the instances of clustered spine elimination, *i.e.*, two or more adjacent spines eliminated together ([Figure 1j,l](#F1){ref-type="fig"}), and computed the clustering probability. To test whether the observed clustering probability represents a tendency towards clustered elimination rather than arising by chance, we compared it to the prediction of a uniform elimination model generated by the Monte Carlo method. We found that under control conditions, the observed clustering probability (3.29%) did not exceed chance level (*i.e.*, less than the 95th percentile of the cumulative distribution; [Figure 1k](#F1){ref-type="fig"}). In contrast, in RS mice spines were significantly more likely to be eliminated in clusters than predicted by the null model (*i.e.*, above the 95th percentile of the cumulative distribution; [Figure 1m](#F1){ref-type="fig"}).

Previous fixed tissue studies have also shown that stress causes PN dendritic atrophy in the hippocampus and the PFC^[@R10],\ [@R52]^. To determine the temporal order of dendritic tip retraction and spine loss, we examined apical dendrites of L5 PNs *in vivo*. We found a progressive retraction of dendritic tips from 2 to 14 days in both control and RS mice. While the amount of tip retraction was comparable between control and RS mice over 2-day period (*p*\>0.9), 7-day and 14-day RS significantly increased tip retraction (*p*\<0.05 for 7-day, *p*\<0.001 for 14-day, [Supplementary Figure 5](#SD1){ref-type="supplementary-material"}). Comparing the timeline of tip retraction with that of spine loss suggests that stress-induced increase in dendritic spine loss precedes dendritic atrophy in L5 PNs.

Stress decreases the activity of PV+ INs and increases the activity of excitatory neurons in the mouse barrel cortex {#S16}
--------------------------------------------------------------------------------------------------------------------

Inhibitory interneurons regulate activity-dependent neuronal circuit development, sensory processing, and synaptic functions^[@R53]--[@R55]^. Recent evidence suggests that stress induces hypo-activity of inhibitory interneurons and hyper-activity of excitatory neurons in the amygdala and the hippocampus^[@R56],\ [@R57]^; whether this effect generalizes to cortical areas remains unknown. Thus we examined the expression of the immediate early gene c-Fos in the barrel cortex of control and RS mice. As c-Fos is upregulated in neurons after they fire action potentials, its expression is considered a good proxy of recent neuronal activation^[@R58],\ [@R59]^. We found that the density of c-Fos+ cells in the barrel cortex was significantly higher in mice that underwent 7-day RS than in controls (*p*\<0.001, [Figure 2a,b](#F2){ref-type="fig"}). To better understand the activation of distinct neuronal populations, we co-labeled c-Fos with either neurogranin (NG, an excitatory neuron marker)^[@R60]^ or PV. We found that the overall density and laminar distribution of NG+ neurons and PV+ INs remained unchanged ([Figure 2c--f](#F2){ref-type="fig"}, [Supplementary Figure 5a,b](#SD1){ref-type="supplementary-material"}). However, 7-day RS doubled the percentage of NG+ neurons that were c-Fos+ (*p*\<0.001), and halved the percentage of PV+ INs that were c-Fos+ (*p*\<0.001; [Figure 2g--j](#F2){ref-type="fig"}). This was consistent across all the cortical layers examined (L2--L5, [Supplementary Figure 6](#SD1){ref-type="supplementary-material"}). In addition, a single RS session did not alter the density of c-Fos+ neurons, nor did it affect the activity of NG+ neurons or PV+ INs ([Supplementary Figure 7a--c](#SD1){ref-type="supplementary-material"}). Furthermore, the intensity of PV correlated with that of c-Fos and decreased significantly in the 7-day RS mice ([Supplementary Figure 7d](#SD1){ref-type="supplementary-material"}). These data suggest that stress shifts the network excitation-inhibition balance in the barrel cortex towards hyper-excitation.

Stress alters the balance between excitatory and inhibitory inputs onto L5 PNs in the barrel cortex {#S17}
---------------------------------------------------------------------------------------------------

To reveal how stress impacts excitatory and inhibitory synaptic transmission, we recorded α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR) mediated spontaneous miniature excitatory postsynaptic currents (mEPSCs) and gamma-aminobutyric acid A receptor (GABA~A~R) mediated spontaneous miniature inhibitory postsynaptic currents (mIPSCs) from YFP+ L5 PNs in control and RS *thy1*-YFP H mice using whole-cell voltage clamp. We found that RS did not significantly change either mEPSC frequency or amplitude ([Figure 3a,c,e](#F3){ref-type="fig"}), nor was there significant difference in mIPSC frequency and amplitude between control and RS mice ([Figure 3b,d,f](#F3){ref-type="fig"}). These data suggest that RS does not change presynaptic vesicular release probability or the number of active glutamatergic and GABAergic synapses formed onto L5 PNs. Unperturbed mIPSCs, together with reduced number of PV+ INs that were c-Fos+, suggests that the recruitment of perisomatic inhibition may be reduced in RS mice. Therefore, we asked whether this stress-induced population-level excitation-inhibition imbalance manifests itself at the level of synaptic inputs to a single neuron. To detect relative excitatory and inhibitory synaptic strength, we delivered electric stimulations in L5 and recorded evoked EPSCs and IPSCs (eEPSCs and eIPSCs) from L5 PNs ([Figure 3g](#F3){ref-type="fig"}). Because the amplitudes of eEPSCs and eIPSCs are highly variable depending on the placement of the stimulation electrode, we recorded both eEPSCs and eIPSCs under the same stimulation conditions by switching holding potentials. In both control and 7d RS mice, the amplitudes of eIPSCs and eEPSCs increased with the stimulation intensity. The ratio between eIPSC and eEPSC amplitude stayed relatively constant, shown as comparable slopes of linear regression fit of eIPSC and eEPSC amplitudes ([Figure 3h](#F3){ref-type="fig"}). However, given an eEPSC amplitude, the size of corresponding eIPSCs was significantly reduced in 7d RS mice compared to controls, leading to a down-shift of the linear I-E curve and significantly lowering the y-intercept of the linear regressions (*p*\<0.0001, [Figure 3h](#F3){ref-type="fig"}). This is consistent with the decreased activity of PV+ INs ([Figure 2j](#F2){ref-type="fig"}). Together, these data suggest that stress shifts the stimulation evoked synaptic balance onto L5 PNs towards hyper-excitation in the barrel cortex.

Next we asked whether the decreased eIPSCs were due to decreased synaptic connections from PV+ INs onto PNs. We injected AAV5-EF1a-DIO-hChR2(H134R)-mCherry into the barrel cortex of PV-Cre mice at P0, and recorded the optogenetically evoked IPSCs (oIPSCs) in P37 coronal slices from either control or 7d RS mice. We found that the peak amplitude of oIPSCs was comparable between stressed and control mice ([Figure 3i,j](#F3){ref-type="fig"}), indicating that the overall synaptic strength from PV+ INs onto PNs is not altered by stress, consistent with our mIPSC data. This suggests that the decreased relative eIPSCs in the stressed mice may arise from decreased excitability of PV+ INs. To test this hypothesis, we directly recorded from PV+ INs in L5 of the barrel cortex. We found that the frequency of action potentials fired by PV+ INs in response to current injection is lower in stressed mice than in controls ([Figure 3k,l](#F3){ref-type="fig"}). Such data suggest decreased PV+ IN excitability in the stressed brain, and are consistent with the reduced c-Fos labeling in PV+ INs.

Pharmacological enhancement of inhibitory synaptic transmission or attenuation of excitatory transmission prevents stress-induced synaptic and behavioral defects {#S18}
-----------------------------------------------------------------------------------------------------------------------------------------------------------------

As the stressed cortex exhibits hyper-excitation, we asked whether enhancing inhibitory or attenuating excitatory synaptic transmission can prevent stress-induced anatomical and functional alterations. To decrease excitatory synaptic transmission, we systemically administered MK801, a non-competitive N-methyl-D-aspartate receptor (NMDAR) antagonist, before each RS session for 7 days. MK801 has been shown to attenuate spine elimination rate *in vivo*^[@R61]^, and can reverse stress-induced spine loss to control levels^[@R62]^. To enhance inhibitory synaptic transmission, we intraperitoneally injected diazepam, a GABA~A~R agonist, into RS mice before each stress session. Earlier work has shown that enhancing GABA~A~R suffices to block stress-induced dendritic atrophy and spine loss^[@R63]^, and to prevent stress-induced c-Fos over-activation^[@R64]^. We found that spine elimination rate was significantly lower in RS mice treated with either MK801 or diazepam than in untreated RS mice (both *p*\<0.001), but comparable to that in control mice ([Supplementary Figure 8a](#SD1){ref-type="supplementary-material"}). Interestingly, drug-treated RS mice performed normally in the texture discrimination task (*p*\>0.7 for both vs. non-stressed control, [Supplementary Figure 8b](#SD1){ref-type="supplementary-material"}). In addition, RS mice treated with either drug showed significantly lower global neuronal activation and higher PV+ IN activation than untreated RS mice (both *p*\<0.05, [Supplementary Figure 8c--e](#SD1){ref-type="supplementary-material"}), suggesting that dosing mice with MK801 or diazepam prevents RS-induced disruption of neuronal excitation-inhibition balance.

Pharmacogenetic restoration of PV+ IN activity in stressed mice prevents stress-induced synaptic and behavioral defects {#S19}
-----------------------------------------------------------------------------------------------------------------------

As systemic drug administration lacks regional or cell-type specificity, we next tested whether selectively enhancing PV+ IN activity in the barrel cortex counteracts stress-induced hyper-excitation. We took advantage of the Designer Receptors Exclusively Activated by Designer Drugs (DREADDs)^[@R65]^. We infected cortical neurons in PV-Cre mice with adeno-associated virus encoding the mutant human muscarinic receptor Gq (AAV8-DIO-Syn-hm3q-mCherry, "DREADD virus"), and activated DREADD virus-infected neurons with Clozapine-N-Oxide (CNO), a synthetic hm3q agonist. To test the specificity and efficiency of the DREADD system, we injected DREADD virus and AAV8-CAG-Flex-GFP virus ("control GFP virus") into the barrel cortices on opposite hemispheres of the same PV-Cre mouse on postnatal day 14 (P14). Approximately 95% of the neurons labeled by either DREADD or control GFP virus were PV+ ([Figure 4a,b](#F4){ref-type="fig"}), which confirms the selective targeting of PV+ INs. After a single dose of CNO, immunohistochemical staining for c-Fos was positive in more than 95% of DREADD virus-infected neurons, a percentage significantly higher than that of control GFP virus-infected neurons ([Figure 4c,d](#F4){ref-type="fig"}, *p*\<0.001). These data demonstrate that the DREADD system can selectively activate mouse cortical PV+ INs *in vivo*.

To manipulate the activity of PV+ INs in the stressed mice, we injected DREADD virus bilaterally into the barrel cortex of PV-Cre mice at P0 or P1. After incubation for 1 month, we injected CNO or saline into these mice before each daily RS session ([Figure 4e,f](#F4){ref-type="fig"}). We found significantly fewer c-Fos+ cells in CNO-treated mice ("DREADD+CNO") than in saline-treated mice ("DREADD+saline") after 7-day RS ([Supplementary Figure 9a](#SD1){ref-type="supplementary-material"} *p*\<0.05). Specifically, the percentage of virus-infected PV+ INs that were c-Fos+ was significantly higher in DREAD+CNO RS mice than in DREADD+saline RS mice (*p*\<0.05, [Figure 4g](#F4){ref-type="fig"}). We also examined the percentage of NG+ cells that were activated following DREADD activation of PV+ INs in stressed mice. We found that 14% NG+ cells were c-Fos+, which was significantly lower than that in stressed mice without rescue (*p*\<0.05, [Supplementary Figure 9b](#SD1){ref-type="supplementary-material"}). In addition, DREADD+CNO RS mice exhibited normal spine dynamics (*p*\>0.2 for both spine formation and elimination compared to control unstressed mice), dendritic tip retraction (*p*\>0.4 comparing to control) and performance in texture discrimination (*p\>*0.2 compared to control), whereas AAV5-EF1a-DIO-mCherry virus (control mCherry virus) infection with CNO treatment or DREADD+saline had no effect on either spine dynamics or task performance of RS mice (both *p*\>0.3 compared to 7d RS, [Figure 4h,I](#F4){ref-type="fig"}, [Supplementary Figure 9c](#SD1){ref-type="supplementary-material"}). Furthermore, DREADD-mediated activation of PV+ INs outside the barrel cortex did not rescue the texture discrimination defect in RS mice ([Supplementary Figure 10](#SD1){ref-type="supplementary-material"}). These data suggest that stress-induced PV+ IN hypofunction in the barrel cortex is a culprit of synaptic dysregulation and sensory abnormalities in the stressed mice. Although PV+ INs represent only a small fraction of all cortical neurons, the effect of changes in their activity is amplified via the consequent prevention of over-activation of excitatory neurons, the majority of active cells in the cortex.

EE alleviates stress-induced synaptic and behavioral defects through activation of PV+ INs {#S20}
------------------------------------------------------------------------------------------

Exposure to EE confers profound benefits to the brain, including accelerated post-stress reversal and resilience to stress^[@R29]--[@R31]^. We sought to determine whether EE can also prevent stress-induced spine loss and sensory impairment. Immunohistochemical staining of c-Fos showed increased activation of NG+ neurons in mice raised under EE (EE mice), compared to those raised in standard cages (control mice; *p*\<0.05, [Figure 5a,c](#F5){ref-type="fig"}). In EE mice, daily stress did not further change the percentage of activated NG+ neurons (*p\>*0.9, [Figure 5c](#F5){ref-type="fig"}), nor did it reduce PV+ IN activity (*p\>*0.1 vs. control*, p\>*0.6 vs. EE, [Figure 5b](#F5){ref-type="fig"}, [Supplementary Figure 7d](#SD1){ref-type="supplementary-material"}). In contrast, RS increased the activation of somatostatin-expressing (SOM+) INs, which was not prevented by EE ([Figure 5d](#F5){ref-type="fig"}). Furthermore, EE mice had a higher rate of spine formation and elimination over 7 days compared to control mice (*p\<*0.05 for both elimination and formation, [Figure 5e,f](#F5){ref-type="fig"}), and the effect of daily RS on spine elimination was occluded (*p*\>0.7, [Figure 5f](#F5){ref-type="fig"}). Spine elimination in both EE and EE+RS mice was significantly lower compared with non-EE RS mice (*p*\<0.01 for both). RS did not increase the dendritic tip retraction in EE mice ([Supplementary Figure 12a](#SD1){ref-type="supplementary-material"}), as opposed to control mice. More importantly, while EE alone did not alter the mouse's performance in the texture discrimination task, EE+RS mice were as competent as both control and unstressed EE mice (*p*\>0.8; [Figure 5g](#F5){ref-type="fig"}, [Supplementary Figure 11b](#SD1){ref-type="supplementary-material"}). Together, these data reveal that EE prevents stress-induced hyper-excitation in the cortex and synaptic/behavioral defects.

DISCUSSION {#S21}
==========

Human studies have reported that acute physical and psychological stress adversely affects auditory^[@R66]^ and visual processing^[@R67]^. In addition, fear, which is presumably stressful, reduces tactile sensitivity^[@R68]^. Stress is also a predominant risk factor for many anxiety and depressive disorders^[@R5],\ [@R6]^. In addition to the emotional problems, sensorimotor abnormalities are often present in depression^[@R69]^. Clinical data indicate that patients with major depression have decreased volume and surface area of somatosensory cortex and abnormal sensory processing^[@R70],\ [@R71]^. Our study examines the cellular underpinning of sensory alterations caused by psychological stress in a mouse model. Combining behavioral analysis, *in vivo* imaging, and local circuit dissection, we provide a possible mechanism through which stress affects cortical circuits and sensory function.

Previous studies on fixed brain tissues have reported that stress leads to decreased spine density and shorter dendritic arborization in brain regions such as the hippocampus and the PFC^[@R10],\ [@R12],\ [@R52]^. However it is unclear whether the reduced spine density is due to decreased spinogenesis or increased spine loss. Our *in vivo* two-photon imaging experiments filled this knowledge gap by clarifying that stress increases spine elimination without affecting spine formation. Interestingly, spine elimination tends to cluster along dendrites, suggesting a local regulatory mechanism. Analogous clustered structural dynamics has been reported previously on spine formation. One study on hippocampal organotypic cultures found that most newly formed spines preferentially grow in close proximity to activated synapses, leading to a clustering of functional synapses^[@R72]^. Subsequent *in vivo* imaging experiments revealed clustered spine formation in response to motor skill learning^[@R39]^, as well as clustered formation between excitatory and inhibitory synapses^[@R73]^. The mechanisms underlying such clustered reorganization of dendritic spines may depend on the postsynaptic milieu or presynaptic elements. On the postsynaptic side, clustering could be due to the diffusion of intracellular signaling molecules such as guanosine triphosphatases (GTPase) Ras^[@R74]^ and RhoA^[@R75]^. Synaptic activity may also trigger molecular signaling that acts on neighboring spines, as suggested by heterosynaptic structural and functional depression^[@R76]^. Alternatively, spines may compete for limited cellular resources, such as the postsynaptic scaffolding protein PSD-95^[@R77]^ and cadherin/catenin cell adhesion complexes^[@R78]^. On the presynaptic side, the geometric arrangement of local axons may dictate the observed spine clustering, as dendrites can only form synapses with axonal branches within a short distance. In addition, axons synapsing onto adjacent spines may originate from the same ensemble of neurons and share similar activities^[@R79]--[@R81]^, which may drive clustered postsynaptic structural dynamics through activity-dependent plasticity rules. Previous fixed tissue studies also show that stress causes atrophy of apical dendrites in the PFC^[@R13],\ [@R82]^, which is consistent with our finding. Furthermore, our study reveals that the accelerated dendritic spine loss precedes dendritic tip retraction in the stressed brain, suggesting that synaptic degradation happens before neuronal atrophy. It is also worth noting that we focused on one-month old mice. Previous studies suggest an age-dependence in stress reactivity and recovery^[@R82]^, such that adolescents may be more susceptible to stress than adults but also recover faster^[@R83]^. Thus it would be rewarding for future studies to explore the age-dependent responses to stress in brain regions underlying sensorimotor functions.

The complex effect of stress on excitatory synapses involves neuroendocrine factors such as glucocorticoids (GCC) and the corticotropin-releasing hormone (CRH). Administration of GCC enhances dendritic spine turnover in the developing barrel cortex, whereas reducing endogenous GCC activity substantially reduces spine turnover^[@R84]^. Various proteins in the actin regulatory pathways mediate the effect of GCC on synaptic structure and plasticity^[@R85],\ [@R86]^. CRH destabilizes dendritic spines via a glutamate receptor-mediated process^[@R62]^. Blocking CRH receptor 1 ameliorates early-life stress-induced dendritic and synaptic abnormalities in the neonatal hippocampus^[@R87]^. Mice with CRH receptor deficiency in the forebrain exhibits attenuated cognitive deficits and dendritic remodeling in response to chronic stress^[@R88]^.

How the brain processes external stimuli depends on its internal state^[@R89],\ [@R90]^. In addition to the well-recognized role played by neuromodulators in controlling brain states^[@R89],\ [@R91]^, it is increasingly clear that the delicate interactions between local excitation and inhibition are important for gain control in sensory processes and neural plasticity^[@R53],\ [@R55]^. Our data suggest that stress significantly reduces the recruitment of PV+ INs, but does not alter presynaptic vesicular release probability or the number of active GABAergic synapses formed on L5 PNs. This hypo-inhibition is concomitant with hyper-activity of excitatory neurons, which may in turn lead to the loss of dendritic spines thereon via a homeostatic mechanism^[@R92]^. Corroborating this idea is the finding that direct activation of excitatory neurons induced spine elimination ([Supplementary Figure 12](#SD1){ref-type="supplementary-material"}). Furthermore, such hypo-inhibition may increase cortical noise and disrupt sensory processing, as the state of inhibitory circuits is crucial for fine texture detection^[@R93],\ [@R94]^. Indeed, hypofunction of GABAergic transmission is present in stress-induced abnormal behaviors and psychiatric disorders in human patients^[@R95]^. Our study demonstrates that stress-induced structural and functional defects can be prevented by pharmacological or behavioral intervention that regulates PV+ IN activity, suggesting a preventative strategy for stress-induced psychiatric disorders.

It is noteworthy that NG immunohistochemistry likely labels only a subset of excitatory neurons. We examined the percentage of c-Fos+ cells that are NG+, PV+, or SOM+, and found that under control condition, NG+ cells account for 56% of c-Fos+ cells, while PV+ cells account for 5.6%. Following 7d stress, the percentages change to 48% (NG+) and 1.1% (PV+). This leaves 40--50% of c-Fos+ cells unaccounted for. This discrepancy cannot be simply attributed to other types of INs, as they collectively constitute less than 20% of all cortical neurons ([Supplementary Figure 13](#SD1){ref-type="supplementary-material"}). Furthermore, c-Fos+ cells are predominantly neurons, as suggested by co-immunostaining with the pan-neuronal marker NeuN (data not shown). Therefore, we believe that NG immunohistochemistry only labels a subset of excitatory neurons, and the unlabeled excitatory neurons also contribute significantly to the increase in c-Fos+ cells.

In conclusion, we found that stress reduces PV+ IN activation, accelerates spine loss, alters global neuronal excitation-inhibition in the primary somatosensory cortex, and hence profoundly affects sensory processing. Pharmacogenetic and behavioral manipulations that enhance PV+ IN activity can prevent stress-induced spine loss and over-excitation. Nevertheless, it is important to note that the stress-induced cellular changes may involve complex feedback interactions among neuronal circuit elements either sequentially or in parallel. Given this complexity, it is intriguing that modulating PV+ INs alone suffices to reverse the deficits. The exact nature of stress-induced cellular alterations, as well as a comprehensive picture of all contributing types of cells, remains to be deciphered in future studies.
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![Stress induces progressive sensory impairment and spine loss in the mouse barrel cortex\
**a,** Experimental design. RS: restraint stress. **b,** Setup of the whisker-dependent texture discrimination task. **c,** Representative positional maps of the mouse during the testing phase of the task. **d,** Control mice spent significantly longer time investigating the column with the novel texture than the column with the habituated texture; mice subjected to 7-day RS spent equal time investigating both columns. **e,** Stressed mice progressively lost the texture discrimination capability, shown as a decrease in the discrimination index. UMS: unpredictable mild stress. **f,** Repeated imaging of the same dendritic segments revealed spine formation (arrowheads) and elimination (arrows) in control and RS mice. Asterisk indicates a dynamic filopodium. Scale bar: 2 μm. **g--i,** Spine elimination was increased in RS mice compared to controls, while spine formation was unperturbed. **j,i,** Dynamic dendro-spinogram revealed the location of spines that formed or disappeared over 7 days in control (**j**) and RS (**i**) mice. **k,m,** In RS mice, eliminated spines were significantly more likely to be clustered than predicted by a uniform, independent elimination model (**m**), whereas clustered elimination in control mice did not differ significantly from the model prediction (**k**). Arrows: observed probability of clustered eliminations. Red dotted lines mark the 95^th^-percentile of the distribution of clustering probabilities derived from simulation. Hereinafter unless otherwise indicated, data are shown as mean ± standard error of the mean (s.e.m.), *p*-values represent a comparison to control mice without stress, and asterisks represent the following *p*-values: \**p*\<0.05, \*\**p*\<0.01, \*\*\**p*\<0.001.](nihms886743f1){#F1}

![Stress decreases PV+ IN activity but increases excitatory neuron activity in the mouse barrel cortex\
**a,** Examples of c-Fos immunofluorescence in coronal brain slices of control and 7-day RS mice. **b,** RS increased neuronal activation in the barrel cortex, as more cells were c-Fos immunoreactive. **c--f,** RS did not alter the density of NG+ neurons (**c,d**) or PV+ INs (**e,f**). **g,** An example of NG+ neurons with positive c-Fos immunofluorescence. **h,** RS increased the percentage of NG+ neurons that were colabeled with c-Fos. **i,** An example of PV+ INs colabeled with c-Fos. **j,** RS decreased the percentage of PV+ INs that were colabeled with c-Fos. Scale bars: 100 μm (**a,c,e**), 50 μm (**g,i**).](nihms886743f2){#F2}

![Stress alters the balance between excitatory and inhibitory inputs onto L5 PNs\
**a,b,** Sample mEPSC (**a**) and mIPSC (**b**) recordings from control and 7-d RS mice. **c,d,** *Left*, cumulative probability distribution of inter-event intervals of mEPSCs (**c**) and mIPSCs (**d**) recorded from control and 7d RS mice. *Right*, frequency of mEPSC (**c**) and mIPSC (**d**) in control and RS mice. **e,f,** *Left*, cumulative probability distribution of amplitudes of mIPSCs (**e**) and mIPSCs (**f**) recorded from control and 7d RS mice. *Right*, amplitude of mEPSC (**e**) and mIPSC (**f**). **g,h,** Stress decreased eIPSC amplitude relative to eEPSC amplitude of L5 PNs in the barrel cortex. **g,** *Left*, schematic of electrophysiological experiments. The stimulation electrode was placed in L5 near the cell body. *Right*, sample traces of eEPSCs and eIPSCs recorded from the same L5 PN in control and 7d RS mice. **h,** eIPSC amplitudes plotted against eEPSC amplitudes recorded from the same L5 PNs evoked by the same stimulation intensity. Lines: linear regression fits. The slope is not significantly different, but the y-intercept is (*p*\<0.0001). **i,** *Left,* schematic of experiments. AAV-DIO-ChR2-mCherry was injected into the barrel cortex of PV-Cre mice, and oIPSCs evoked optogenetically with a 450 nm laser was recorded by whole-cell voltage-clamp. *Right,* sample traces of the maximal oIPSCs recorded in PNs from control and stressed mice. **j,** Amplitudes of the maximal oIPSCs evoked in control and stressed mice. **k--l,** Stress decreased intrinsic excitability of PV+ INs in the barrel cortex. **k,** *Left*, IR-DIC and epifluorescence images of an mCherry-expressing PV+ IN under whole-cell recording. *Right*, sample traces in response to a 300-pA current step from the control and stressed mice. **l,** Action potential firing frequency plotted against current injection for PV+ INs from control and 7d RS mice. *n* indicates the number of cells recorded.](nihms886743f3){#F3}

![Restoration of PV+ IN activity in RS mice alleviates stress-induced spine loss and texture discrimination defects\
**a,b,** PV immunohistochemistry showed that the majority of neurons infected by DREADD virus or control GFP virus were PV+ INs. **c,d**, A single dose of CNO selectively activated DREADD virus-infected neurons as shown by c-Fos immunohistochemistry. **e,** Experimental design of virus injection and drug treatment during stress. **f,** An example of DREADD virus infection targeting the barrel cortex. Dotted contours mark individual barrels in L4. **g,** DREADD virus-infected neurons in RS mice receiving CNO injection were significantly more active than those in RS mice receiving saline injection. **h,i,** DREADD+CNO prevented elevated spine elimination (**h**) and texture discrimination defects (**i**) caused by RS. Scale bars: 25 μm (**a,c**), 1 mm and 250 μm (**f**).](nihms886743f4){#F4}

![Mice raised under EE are resistant to stress-induced spine loss and texture discrimination defects\
**a,** Schematic of EE. **b,** EE prevented RS-induced decrease in PV+ IN activity. **c**, Both stressed and unstressed EE mice had elevated activation of NG+ neurons compared to unstressed, non-EE control mice. **d**, Stress increased SOM+ neuron activation in both control and EE mice; EE had no effect on SOM+ neuron activation. **e,f,** EE increased both spine formation (**e**) and elimination (**f**) compared to unstressed, non-EE control mice. Stress did not further alter spine dynamics in EE mice. **g,** Both stressed and unstressed EE mice exhibited normal texture discrimination.](nihms886743f5){#F5}
